Lactobacillus casei and Streptococcus faecalis accumulated labeled folic acid and metabolized this compound to poly-y-glutamates of chain lengths of up to 11 and 5, respectively. Octa-and nonaglutamates predominated in L. casei, and tetraglutamates predominated in S. faecalis. The most effective monoglutamate substrates for the L. casei and S. faecalis folylpoly--y-glutamate (folylpolyglutamate) synthetases were methylene-and formyltetrahydrofolate, respectively. Methylenetetrahydropteroylpoly-y-glutamates were the preferred poly-y-glutamate substrates for both enzymes and, in each case, the highest activity was observed with the diglutamate substrate. The final distribution of folylpolyglutamates in these bacteria appeared to reflect the ability of folates with various glutamate chain lengths to act as substrates for the bacterial folylpolyglutamate synthetases. The proportions of individual folylpolyglutamates were markedly affected by culturing the bacteria in medium containing adenine, whereas thymine was without effect. Adenine did not affect the level of folylpolyglutamate synthetase in either organism but caused a large increase in the proportion of intracellular folates containing one-carbon units at the oxidation level of formate, folates which are substrates for enzymes involved in purine biosynthesis. The folates with shorter glutamate chain lengths in bacteria cultured in the presence of adenine resulted from primary regulation of the de novo purine biosynthetic pathway, regulation which caused an accumulation of formyltetrahydropteroylpoly--y-glutamates (folate derivatives that are ineffective substrates for folylpolyglutamate synthetases), and did not result from regulation of folylpolyglutamate synthetase per se.
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The major cellular forms of folate coenzymes are conjugated poly--y-glutamate (polyglutamate) derivatives (10, 11, 16, 22) . These coenzymes act as acceptors or donors of one-carbon units in a variety of reactions involved in amino acid and nucleotide metabolism (6) . The physiological roles of folylpoly--y-glutamates (folylpolyglutamates) in one-carbon metabolism have recently been reviewed (10, 11, 16, 22) . Folylpolyglutamates are often better substrates than pteroylmonoglutamates for the enzymes of one-carbon metabolism and are preferentially retained by tissues, whereas pteroylmonoglutamates are the transport forms of the vitamin. In mammalian cells which lack the enzyme folylpolyglutamate synthetase, folate transport is unimpaired, but intracellular folate levels are reduced owing to an inability to synthesize folylpolyglutamates, and the mutant cells are auxotrophic for glycine, purines, thymidine, and methionine (21, 34) .
Folates with different glutamate chain lengths are found in different organisms and tissues, and it has been suggested that the one-carbon flux through various folate-dependent reactions may be regulated under different growth conditions by varying the glutamate chain length of folates (1, 18) . A major interest of our laboratory is to understand the mechanisms by which folylpolyglutamates of specific glutamate chain lengths are synthesized by different tissues and organisms and whether regulation of this process serves as a means for regulating one-carbon metabolism.
In this study, the in vivo and in vitro synthesis of folylpolyglutamates by Lactobacillus casei and Streptococcus faecalis were investigated, and the effects of additions of one-carbon-metabolism products to the culture medium on the intracellular distribution of folylpolyglutamates were assessed. (17) , using dihydrofolate reductase purified from methotrexate-resistant L. casei, as described previously by Whiteley et al. (35) . (0-10-Formyl-H4PteGlu, was prepared from (O-H4PteGlu,, using purified Clostridium 10-formyltetrahydrofolate synthetase (9) . Other folate derivatives were prepared as described previously (9, 31) . All folate derivatives were purified by DEAEcellulose or QAE-Sephadex chromatography (31) and were stored in potassium phosphate buffer (pH 7) containing 200 mM 3-mercaptoethanol at -1%°C. The identity of each compound was confirmed, and its concentration assessed, by its absorption spectrum (5) .
Cell culture and labeling of intracellular folates. L. casei (ATCC 7469) and S. faecalis (ATCC 8043) were cultured at 37°C in a complex defined medium containing 2.3 nM PteGlu, as described previously (30) . The medium contained serine (ca. 3 mM), glycine (ca. 1.3 mM), glutamate (ca. 9 mM), and methionine (ca. 1.1 mM), all derived from a pancreatin digest of casein, and uracil (45 ,uM), but lacked purines and thymine. Under these conditions, folate was required primarily for the biosynthesis of purines and thymidylate (32, 33) .
Bacteria were harvested from growth medium and washed twice with 0.9% (wt/vol) NaCl, and a sample was used to inoculate medium (10 ml) containing 17 nM [3H]PteGlu (0.5 ,uCi/ml). Where indicated, adenine (1 mM), thymine (50 FM), or both were added at levels that were sufficient to overcome the folate requirements of the organisms for the biosynthesis of these compounds (33) . The cultures were incubated at 37°C for 20 to 22 h, and late-log phase bacteria were collected by centrifugation. The bacteria were washed three times with ice-cold 0.9o (wt/vol) NaCl and suspended in 20 mM sodium phosphate buffer (pH 6.5) containing 50 mM P-mercaptoethanol. A sample of the suspension, to be used for the determination of polyglutamate chain length, was heated at 100°C for 6 min to release intracellular folates, and, after the sample cooled to 4°C, debris was removed by centrifugation. The remainder of the suspension, which was utilized for the determination of folate one-carbon forms, was treated in a similar fashion, except that sodium ascorbate buffer (pH 6; final concentration, 10 mM) was added before the heating step. Extracts were stored under N2 at -196°C until used.
Identification of polyglutamate chain length. Folates in cell extracts were cleaved to pABAglu,, and a pterin derivative by a procedure that allows the quantitative conversion of all naturally occurring folates to pABAglu, (13) . The resulting pABAglu,'s were converted to azo dyes of naphthylethylenediamine which were purified and separated from the pterin derivative by chromatography on Bio-Gel P2 (7) . The purified azo dyes were reductively reconverted to pABAglu, by treatment with Zn under acidic conditions, unlabeled pABAglu,, standards were added, and the solutions were adjusted to pH 6.5 and clarified by filtration (29) . Individual polyglutamates were separated by highperformance liquid chromatography (HPLC) on a column (250 by 4.6 mm inner diameter) containing a strong anionic exchanger (Whatman SAX), as described previously (29) . Labeled derivatives were detected by scintillation counting with a Beckman LS7000 scintillation counter (tritium counting efficiency, ca. 30%o), and unlabeled standards were detected by monitoring the absorbance at 280 nm (A280).
Identification of one-carbon forms. Labeled intracellular folates were converted to monoglutamate derivatives by treatment with hog kidney y-glutamyl hydrolase (conjugase) (27) and formaldehyde (5 mM) to the assay mixture, was normally used as the folate substrate for the L. casei enzyme, and (dl)-10-formyl-HRPteGlu was used for the S. faecalis enzyme. Reaction tubes were capped and incubated at 37°C for 2 h. The reaction was stopped by the addition of ice-cold 30 mM mercaptoethanol (1.5 ml). Folate product was separated from unreacted labeled glutamate by a modification (28) of the procedure of McGuire et al. (23) . The reaction mixture was applied to a DEAE-cellulose (DE52, Whatman Inc.) column (2 by 0.7 cm) protected by a 3-mm layer of nonionic cellulose and allowed to drain in. The column was washed three times, each time with 5 ml of 10 mM tris buffer (pH 7.5) containing 80 mM NaCl, to remove labeled glutamate, and the labeled product was eluted with 0.1 N HCl (3 ml).
For studies on the effects of folate concentration on the in vitro synthesis of folylpolyglutamates, the L. faecalis. The folate cleavage procedure used in this study has been described elsewhere (13, 29) . Over 95% of the label in the 3' and 5' positions of the folate molecules was recovered as pABAglu, derivatives, using the described procedures for the cleavage and separation of bacterial folate metabolites (13, 29) .
The major folates in L. casei were octa-and nonaglutamates, and polyglutamates of chain lengths of up to 11 were detected (Fig. 1) .
Although pABAglug11 standards were not available, labeled peaks eluting after the position of pABAglu7 were assigned as pABAglu&11, based on their prior purification as azo dye derivatives, which indicated that they were primary aromatic amines. In addition, y-glutamyl hydrolase treatment of the L. casei extracts before the folate cleavage procedure resulted in the loss of the pABAglu2-7 and presumptive pABAglu&l1 peaks and a concomitant increase in the pABAglu peak. folylpolyglutamates from experiment to experi-)f labeled pABAglu,, ment. However, in each case, adenine caused a ter the bacteria were dramatic decrease in the proportions of folates cultured in medium lacking adenine and thymine. Experimental conditions are described in the legend to Fig. 1. S. faecalis contained labeled folates of glutamate chain lengths of up to five, with the tetraglutamate predominating (Fig. 2) .
Effect of onecarbon-metabolism products on distribution of folylpolyglutamates. L. casei and S. faecalis cultured under the described conditions required folate primarily for the synthesis of purines and thymidylate (32, 33 in the text and shown in Fig. 1 (Fig. 3) . Bacterial extracts contained an unidentified y-glutamyl hydrolase inhibitor, and large amounts of enzyme were required for the complete hydrolysis of folates to monoglutamate derivatives. In both organisms, the major intracellular folates were 5-formylH4PteGlu, 10-formyl-H4PteGlu, and H4PteGlu derivatives. The predominant one-carbon derivative in L. casei cultured in basal medium was H4PteGlu, whereas formyl derivatives predominated in S. faecalis ( Fig. 3; Table 3 ).
Under the described extraction and separation conditions used, 5,10-methylene-H4PteGlu was converted to H4PteGlu and 10-formyl-H4PteGlu was partially converted to 5-formyl-H4PteGlu. It is not possible to say whether these organisms contained 5-formyl-H4PteGlu or whether this one-carbon derivative arose by interconversion of 10-formyl-H4PteGlu under the described experimental conditions.~~~~~~3 Table 2 . Labeled intracellular folates were converted to monoglutamate derivatives by treatment with -y-glutamyl hydrolase and were chromatographed on DEAE-cellulose as described in the text and shown in Fig. 3. L. casei has been reported to contain significant amounts of 5-methyl-H4PteGlu, although this one-carbon derivative is not found in S. faecalis (8) . Although the chromatographic procedure used in this study did not completely resolve 5-formyl-H4PteGlu from 5-methylH4PteGlu (Fig. 3) , it was clear that the major derivative eluting in this region eluted at the position of 5-formyl-H4PteGlu and that L. casei contained little, if any, 5-methyl-H4PteGlu,.
Addition of thymine to the culture media of both bacteria did not significantly affect the distribution of one-carbon forms offolate. However, adenine caused a dramatic redistribution of one-carbon derivatives (Fig. 3) . The proportion of H4PteGlu was reduced an average of 46% in L. casei and 49% in S. faecalis, with a concomitant increase in the proportion offormyl derivatives in both organisms (Table 3) .
Substrates of bacterial folylpolyglutamate synthetases. Mono-and polyglutamyl folate substrate specificities of the L. casei and S. faecalis folylpolyglutamate synthetases were assessed with enzyme extracts partially purified as described above (Table 4 ). Both bacteria lacked -yglutamyl hydrolase activity.
5,10-Methylene-H4PteGlu was the preferred monoglutamate substrate for the L. casei enzyme, and other pteroylmonoglutamates were utilized less effectively. 5,10-MethyleneH4PteGlu.'s were also the preferred polyglutamate substrates for the enzyme. The large drop in substrate effectiveness between tri-and tetraglutamate substrates and the gradual drop with further glutamate chain elongation suggests that tetra-or pentaglutamate derivatives should build up in this organism, which is not in keeping with the observed in vivo distribution of folylpolyglutamates ( Fig. 1 ; Table 2 ). This point will be addressed below. 10-Formyl-H4PteGlu was the preferred monoglutamate substrate for the S. faecalis enzyme (Table 4) . However, 10-formyl-H4PteGlu,, polyglutamate derivatives were poor substrates or lacked activity. The preferred, and sometimes only, polyglutamate substrates were 5,10-methylene-H4PteGlu, derivatives. The large drop in substrate effectiveness between 5,10-methyleneH4PteGlu3 and 5,10-methylene-H4PteGlu4 is consistent with the in vivo buildup of tetraglutamate derivatives in this organism ( Fig. 2 ; Table  2 ).
Effects of one-carbon-metabolism products on folylpolyglutamate synthetase activity. Folylpolyglutamate synthetase activity in crude extracts of L. casei and S. faecalis was relatively unaffected by culturing the cells in media containing adenine or thymine (Table 5) . Enzyme levels were also unaffected by variations of the PteGlu concentration of the medium or when bacteria were cultured in media lacking folate.
In vitro synthesis of folylpolyglutamates by L. casei. L. casei folylpolyglutamate synthetase was assayed with labeled folate monoglutamate substrates and unlabeled glutamate, and the labeled products were identified by HPLC analysis (Table 6 ). Extending the incubation time from 3 to 24 h did not significantly affect the amount of product formed, suggesting that little active enzyme remained after 3 h.
With (l)-5,10-methylene-H4PteGlu as the substrate, at concentrations ranging from 1 nM to 20 puM, products with glutamate chain lengths of up to tetraglutamate were detected. In most cases, the major product was triglutamate, which is consistent with the high substrate effectiveness of 5,10-methylene-H4PteGlu2 (Table 4) .
(I)-H4PteGlu was a less effective substrate and was converted to di-and triglutamate products, but no tetraglutamate was detected (Table 6 ).
DISCUSSION
Although folylpolyglutamates were originally thought to be intracellular storage forms of folate, their physiological role as cofactors for the enzymes involved in one-carbon metabolism is now fairly well established (10, 11, 16, 22) . However, little information is available on the in vitro synthesis offolylpolyglutamates in bacteria or the possible role of regulation of this synthesis as a mechanism by which one-carbon metabolism may be regulated. In this report, recently developed techniques for the identification of folylpolyglutamates have been used to study the in vivo and in vitro synthesis of folylpolyglutamates in bacteria, and the potential regulation of this process by products of one-carbon metabolism.
The most effective PteGlu substrates for the L. casei and S. faecalis folylpolyglutamate synthetases were 5,10-methylene-H4PteGlu and 10-formyl-H4PteGlu, respectively. However, for both bacteria, the preferred, and sometimes only, polyglutamate substrates were 5,10-methylene-H4PteGlu,'s. In each case, more activity was observed with the diglutamate substrate than with the monoglutamate. This substrate specificity is similar to that observed with the Corynebacterium enzyme, which preferentially utilizes H4PteGlu as its monoglutamate substrate and 5,10-methylene-H4PteGlu,'s as its polyglutamate substrates (10, 28) and differs from mammalian folylpolyglutamate synthetases which preferentially use H4PteGlu,'s as their polyglutamate substrates (10, 22) .
The in vivo distribution offolylpolyglutamates in S. faecalis reflected the ability offolate derivatives to act as substrates for the folylpolyglutamate synthetase of the organism. 5,10-Methylene-H4PteGlu3 was an effective substrate, whereas tetraglutamate derivatives were very poor substrates. Polyglutamates of chain lengths offour or longer were also fairly poor substrates for the L. casei synthetase, suggesting that tetraor pentaglutamates should predominate in vivo. However, in this organism, octa-and nonaglutamates were the major intracellular folates. In addition, crude extracts of L. casei metabolized labeled 5,10-methylene-H4PteGlu up to the tetraglutamate, but derivatives with longer polyglutamate chain lengths were not detected, even at very low (1 nM were also more than sufficient to account for the in vivo metabolism of the tracer to octa-and nonoglutamate derivatives. It appears that under normal physiological conditions, PteGlu's can be metabolized to long-chain polyglutamate derivatives. However, under conditions which tax the ability of the cells to metabolize folate derivatives with shorter glutamate chain lengths, e.g., high medium folate levels, the accumulation of these compounds inhibits chain elongation of the derivatives with longer polyglutamate chain lengths.
Studies on the regulation of one-carbon metabolism have usually involved studying the effects of different folate derivatives and products of one-carbon metabolism on the levels and activities of individual folate-requiring enzymes (11, 16, 20, 22, 24, 25) . In recent years, folylpolyglutamates have been demonstrated to be more effective than monoglutamates as substrates for many of the enzymes involved in onecarbon metabolism (10, 11, 16, 22) . In addition, some folylpolyglutamates are very effective inhibitors of a number of folate-requiring enzymes (10, 11, 16, 22) , suggesting a regulatory role for these compounds in one-carbon metabolism. This has led to the hypothesis that one-carbon metabolism may be regulated by changing the glutamate chain length of intracellular folates under different conditions ofgrowth or nutritional requirement (1, 18) .
If one-carbon metabolism is regulated by changes in the glutamate chain length of folates, changes in the distribution of folylpolyglutamates should be detectable under conditions which change the requirements for produWcts of one-carbon metabolism. Such differences have been observed in Escherichia coli between stationary phase and exponentially growing cells (14) , and when products of one-carbon metabolism (i.e., thymidine, adenosine, methionine, and serine) are added to the culture medium (3) . Similarly, we found that adenine, but not thymine, caused a dramatic decrease in the proportion of folates with longer chain lengths in L. casei and S. faecalis, and significantly impaired the growth of S. faecalis.
The changes in the distribution of folylpolyglutamates under some nutritional conditions which have been observed in this study as well as in others are consistent with the hypothesis that one-carbon metabolism is regulated by changes in the glutamate chain length of folates. However, the observed changes might also be explained by changes in the metabolic flux through various folate-requiring reactions under different nutritional conditions, causing changes in the one-carbon folate distribution in the cell. In such a case, differences in the rate of synthesis of folylpolyglutamates would be expected, owing to differences in the ability of different one-carbon forms of folate to act as substrates for folylpolyglutamate synthetase. This appears to be the case in the present study, as the adenine-induced shift in the distribution of folylpolyglutamates in L. casei and S. faecalis can be entirely explained by its effect on the folate onecarbon pool. In both bacteria, adenine caused a dramatic increase in the proportion of formyl folate derivatives, which are poor substrates for folylpolyglutamate synthetase. In addition, if direct manipulation of the polyglutamate chain length of folates is a means of regulating onecarbon metabolism, some mechanism would have to exist to modulate the glutamate chain length, either a change in the activity of folylpolyglutamate synthetase or, possibly, a change in the activity of -y-glutamyl hydrolase. However, these bacteria lack -y-glutamyl hydrolase activity, and the specific activity of folylpolyglutamate synthetase in crude bacterial extracts was unaffected by addition of adenine or thymine to the culture medium or by large variations in the medium folate concentration.
Folate, in the form of 10-formyl-H4PteGlu", is involved in two steps of the de novo purine biosynthetic pathway. The buildup of these derivatives in bacteria cultured in the presence of adenine reflects their decreased utilization due to primary regulation of the purine biosynthetic pathway. Serine and glycine are the major sources of one-carbon units in bacteria, which enter the folate pool as 5,10-methyleneH4PteGlu,, (12) . 5,10-Methylene-H4PteGlu, can be converted to 10-formyl-H4PteGlu, in reactions catalyzed by methylenetetrahydrofolate dehydrogenase and cyclohydrolase. The dehydrogenase is partially repressed in bacteria cultured in the presence of purines and is noncompetitively inhibited by 10-formyl-H4PteGlu (15) . Computer simulations of one-carbon metabolism in E. coli have suggested that any accumulation of 10-formyl-H4PteGlu, that is due to repression of de novo purine biosynthesis in bacteria cultured in medium containing purines should cause significant inhibition of the dehydrogenase but that this inhibition would be insufficient to prevent some accumulation of 10-formyl-H4PteGlu,, (15) . The results obtained in the present study support this conclusion.
Under the described culture conditions, L. casei and S. faecalis require 5,10-methylene-H4PteGlu, for the synthesis of thymidylate and ribothymine in tRNAfmet and 10-formylH4PteGlu, for the biosynthesis of purines and formylmethionine. The reduced growth rate of S. faecalis in medium containing adenine proba-VOL. 153, 1983 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from bly resulted from the low proportion of folate present as H4PteGlun plus 5,10-methyleneH4PteGlu,, in these cells.
Although our data suggest that changes in the folylpolyglutamate distribution in bacteria are a secondary effect due to primary regulation of the one-carbon flux through pathways catalyzed by various folate-dependent enzymes, it may well be that these changes in the folate chain lengths could significantly affect the metabolic flux through some of the cycles of one-carbon metabolism and could play an important role in the regulation of one-carbon metabolism.
